Abstract Previous studies have shown that longevity is associated with enhanced cellular stress resistance. This observation supports the disposable soma theory of aging, which suggests that the investment made in cellular maintenance will be proportional to selective pressures to extend lifespan. Maintenance of protein homeostasis is a critical component of cellular maintenance and stress resistance. To test the hypothesis that enhanced protein repair and recycling activities underlie longevity, we measured the activities of the 20S/26S proteasome and two protein repair enzymes in liver, heart and brain tissues of 15 different mammalian and avian species with maximum lifespans (MLSP) ranging from 3 to 30 years. The data set included Snell dwarf mice, in which lifespan is increased by ∼50% compared to their normal littermates. None of these activities in any of the three tissues correlated positively with MLSP. In liver, 20S/26S proteasome and thioredoxin reductase (TrxR) activities correlated negatively with body mass. In brain tissue, TrxR was also negatively correlated with body mass. Glutaredoxin (Grx) activity in brain was negatively correlated with MLSP and this correlation remained after residual analysis to remove the effects of body mass, but was lost when the data were analysed using Felsenstein's independent contrasts. Snell dwarf mice had marginally lower 20S proteasome, TrxR and Grx activities than normal controls in brain, but not heart tissue. Thus, increased longevity is not associated with increased protein repair or proteasomal degradation capacities in vertebrate endotherms.
over a century. Yet aging processes appear strikingly similar amongst endotherm species, suggesting that it may stem from common cellular and molecular mechanisms. It follows that the evolution of increasing MLSP may occur via selection of common key molecular characters; however, we have a limited understanding of what these molecular characters are.
Enhanced resistance to exogenous stressors appears to have co-evolved with longevity (reviewed in Robb et al. 2009 ). Inter-species comparisons indicate that, with some exceptions, longer-lived species have increased cellular stress resistance (Kapahi et al. 1999; Ogburn et al. 2001; Miller et al. 2010) , and comparisons amongst mice harbouring single gene mutations that increase lifespan also reveal this trend (Holzenberger et al. 2003; Salmon et al. 2005; Maynard and Miller 2006; Bokov et al. 2009) . A key observation is that inter-and intraspecies differences in cellular stress resistance are present in young adults, suggesting that longevity is associated with enhanced stress resistance over the lifespan rather than becoming evident only with advanced age. The positive correlation between cellular stress resistance and MLSP is consistent with the disposable soma theory of lifespan, which suggests that the extent of the investment made in cellular maintenance will be determined by selective pressures to extend lifespan (Kirkwood et al. 2000) .
Maintenance of protein homeostasis is a critical component of cellular maintenance and defence against stress (Morimoto 2008) . Proteins are susceptible to the oxidative stress that arises directly from exposure to oxidants, or secondarily due to the disruption of metabolic redox pathways. Exposure to oxidative stress can lead to oxidative protein damage that directly alters protein structure, leading to dramatic decreases in their activity and/or aggregation of partially denatured proteins. Aberrant protein aggregation in brain tissue is a key feature of the major neurodegenerative disorders associated with aging (Martinez et al. 2008) . To maintain protein function in the face of oxidative stress, cells utilize "protein repair" enzymes, capable of maintaining protein redox homeostasis through the regulation of thiol-disulfide exchange on critical residues, particularly cysteine. Important protein repair enzymes include thioredoxin, thioredoxin reductase and glutaredoxin. Thioredoxin (Trx) is responsible for reducing disulfide bonds on proteins, and thioredoxin reductase (TrxR) reduces the oxidized active site of Trx to maintain its maximal activity. TrxR therefore maintains the thioredoxin cycle-an important component of cellular resistance to oxidative stress (Arner 2009 ). Caenorhabditis elegans with a TrxR null gene have a reduced mean and maximal lifespan compared to wild type (Miranda-Vizuete et al. 2005) . Glutaredoxin (Grx) is another important enzyme for maintaining protein function during oxidative stress by catalyzing S-glutathionylation and deglutathionylation of proteins, protecting thiol groups from oxidation. Lens epithelial cells of Grx gene knockout mice show decreased resistance to oxidative stress (Lofgren et al. 2008) .
Although protein repair enzymes play a significant role in protein homeostasis, the majority of protein damage cannot be reversed or repaired, and so compromised proteins must be removed to prevent their aggregation and interference with normal cellular activities (Grune et al. 2004) . The 20S/26S proteasome is a multi-subunit proteolytic complex found in the cytosol and nucleus that performs this task. The 20S proteasome degrades oxidatively damaged proteins (Reinheckel et al. 1998; Davies 2001) , whereas the 26S proteasome, which is composed of the core 20S barrel with regulatory cap regions on either end, recognizes and degrades ubiquitin-tagged proteins that may or may not be damaged (Jung et al. 2009 ). In addition to a global role in damaged protein degradation, the nuclear 26S proteasome also degrades ubiquitylated RNA polymerase II associated with transcriptional arrest at sites of DNA damage (Daulney and Tansey 2009 ) and ubiquitin-tagged apoptotic proteins, thus preventing cell death (Bader and Steller 2009) . Ubiquitin is a 76 amino acid peptide that is ligated to damaged proteins through the catalytic activity of ubiquitin ligases, thus targeting them for degradation (Hershko and Ciechanover 1998) .
In this study, we test the hypothesis that longerlived species have superior protein homeostasis mechanisms, manifesting as enhanced protein repair and proteasomal degradation activities. To address this, activities of thioredoxin reductase, glutaredoxin, and the 20S/26S proteasome were measured in liver, heart and brain of 15 vertebrate endotherm species with MLSPs ranging from 3 to 30 years (Table 1) . Steady-state ubiquitin levels were measured by western blot in eight species for which ubiquitin's amino acid sequence was known to be 100% conserved. By using this broad comparative approach with 15 species, we avoid the erroneous assumption that all between-species differences in these measured activities are attributable to differences in MLSP rather than body mass, metabolic rate or another unknown parameter (reviewed by Speakman 2005) . We use analysis of residuals to differentiate associations with body mass from those with MLSP or metabolic rate. Felsenstein's independent contrasts (Felsenstein 1985) are also employed to address problems associated with nonindependence of data points (i.e. species) due to shared evolutionary history. Finally, we also measure these same activities in heart and brain of young adult long-lived Snell dwarf mice and their agematched normal littermates to investigate whether increased lifespan is associated with enhanced Magalhães et al. (2005) protein homeostatic mechanisms in this intra-specific model of longevity. 
Materials and methods

Materials
Animals
Between 3 and 6 individuals of each of 13 mammalian and 2 avian species were used in this study (Table 1) . Species were selected on the bases of (1) phylogenetic position, (2) MLSP, (3) routine diet and (4) availability. With respect to phylogenetic position, we confined our analysis to species with a similar overall body plan and physiology, i.e. vertebrate endotherms. Within this constraint, we sampled species within and between orders. We also attempted to maximize the range of MLSP represented by species included in the study. We also included species with exceptionally long lifespans for their body mass (big brown bat, zebra finch). The nature of the study meant that we were unable to directly control for differences in diet specific to a given species; however, our species collection includes graminovores, nucivores, insectivores, omnivores and carnivores, and no trends were noted that related to dietary preference. We also included wild-caught species where possible to control for domestication effects. All animals were healthy young adults, and in most cases, the exact age and sex of the animal were known.
Tissue collection
Normal C57BL mice were euthanized by cervical dislocation following which brain, heart and liver tissues were immediately excised, flash-frozen in liquid nitrogen and stored at −80°C. Snell normal and dwarf mice were anaesthetized with isoflurane, injected with a mixture of 50 μg/g ketamine and 5 μg/g xylazine before tissue excision within 30-45 min post-mortem. These tissues were flashfrozen in liquid nitrogen and stored at −80°C. Norway rats were euthanized with sodium pentabarbitol sodium injection (Euthanyl®; 2 μg/g body wt), and brain, heart and liver tissues were removed and flashfrozen in liquid nitrogen and stored at −80°C. Tissues from 13-lined ground squirrels were collected at the University of Western Ontario (London, ON, Canada) as described in Page et al. (2009) . Active (i.e. nonhibernating) animals were euthanized by Euthanyl overdose (270 mg/ml, 0.2 ml/100 g body wt), and brain, heart and liver tissues were rapidly removed, flash-frozen in liquid nitrogen, and stored at −80°C. Big brown bats, collected from the wild and housed in a captive research colony at McMaster University (Hamilton, ON, Canada), were euthanized using 0.6 mg/g body wt sodium pentabarbitol followed by decapitation. Bat brain, heart and liver tissues were excised and flash-frozen in liquid nitrogen and stored at −80°C. Zebra finch and Japanese quail tissues were collected at Trent University (Peterborough, ON, Canada). Birds were euthanized with 2.0 (finch) or 0.6 (quail) mg/g body wt sodium pentabarbitol (Euthasol®), followed by decapitation. Bird brain, heart and liver tissues were removed and flash-frozen in liquid nitrogen and stored at −80°C. Guinea pigs were euthanized, and heart, brain and liver tissues rinsed in 1× phosphate-buffered saline (PBS) and immediately frozen in liquid nitrogen and shipped to Brock University (St. Catharines, ON, Canada) on dry ice. Similarly excised tissues from euthanized dogs, hamsters and gerbils were immediately frozen in liquid nitrogen and shipped to Brock University (St. Catharines, ON, Canada) on dry ice. Tissue from domesticated livestock was collected at a local abattoir during normal processing, with the exception of rabbits which were collected during processing from a local farmer. In all cases, brain, heart and liver tissues were collected from these animals within approximately 30 min post-mortem. Due to the size of organs from domesticated livestock and rabbits, tissue samples were isolated from the following locations: brain cortex, right cardiac ventricle and tip of the left liver lobe. Tissues were frozen on-site in dry ice then brought to Brock University (St. Catharines, ON, Canada) where they were stored at −80°C. Fresh white-tailed deer tissue (collected within 1 h post-mortem) was obtained by hunters in Cobden (ON, Canada), following which brain, heart and liver tissues were collected and frozen at −20°C for 1 month, and then transferred to Brock University (St. Catharines, ON, Canada) where they were stored at -80°C. Tissue sampling sites were unspecified for the white-tailed deer samples.
Preparation of tissue homogenates
Brain, heart and liver tissues were homogenized using a PowerGen 125 Homogenizer (Fisher Scientific, Ottawa, Ontario, Canada) in ice cold lysis buffer (50 mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES), 20 mM KCl, 0.1 mM ethylenediamine tetraacetic acid (EDTA), 1 mM DTT, 5% glycerol and 0.1% NP40) at full speed for 3 cycles of 10 s with 10 s rest between each cycle. Following homogenization, samples were centrifuged at 10,000×g for 20 min. Protein concentration was determined using the Bradford technique with a BioRad protein assay kit and homogenates were aliquoted and stored at −80°C.
20S and 26S proteasome activity assays
Assays for 20S and 26S proteasome activities were performed as described by Rodgers and Dean (2003) at room temperature (23°C) using a Varian spectrofluorometer. Conditions for the 20S proteasome assay were 25 mM HEPES pH 7.5, 0.5 mM EDTA, 25 μM peptide and 100 μg sample. The peptide Suc-LEU-LEU-VAL-TYR was used to measure the chymotryptic activity of the proteasome. Activity of the 26S proteasome was measured in the same manner except that samples were pre-incubated in 5 mM adenosine triphosphate (ATP) for 10 min (ATP was retained throughout the activity assay) to stimulate 26S proteasome activity. Both assays were conducted with an excitation wavelength of 360 nm and an emission detection wavelength of 460 nm. Activities were determined by measuring the release of the AMC fluorophore from the peptide-AMC complex for 15 min. Parallel assays were run with 0.2 mM of the specific proteasome inhibitor MG-132 to determine non-proteasomal AMC release. This non-specific activity was minor, but was subtracted from the rate measured in the absence of the inhibitor. The standard curve for proteasome calculations used a serial dilution of 8 μM AMC calibration standard to obtain the relationship between arbitrary fluorescence units (AFU) and [AMC] . Specific proteasome activity was calculated by interpolation from the standard curve according to the equation: Activity pmol=h=mg
Þper mg protein; where the conversion factor was 1=slope of the AMC standard curve:
Quantification of protein ubiquitylation Brain, heart and liver tissue homogenates (50 μg) were separated by SDS-PAGE and electrotransferred to a PVDF membrane. The membranes were incubated in a blocking solution, consisting of 5% skim milk in 1× PBS, for 45 min at room temperature. Following blocking, the membranes were incubated with anti-ubiquitin antibody (1:250) overnight at 4°C in solution containing 5% skim milk in 1× PBS-T and then incubated with anti-mouse secondary antibody for 1 h at room temperature. The membranes were scanned using an Odyssey infrared visual system (LI-COR Biosciences). Ubiquitin level quantification was performed using Odyssey Imaging Software, Version 1.0. The intensity for each sample was compared to an internal standard control which simultaneously resolved within every gel. Band intensity represents intensity of the entire lane from top to bottom of the membrane.
Enzyme activity assays
Thioredoxin reductase activity assay
The activity of TrxR was assayed essentially as in Arner et al. (1999) in a solution containing 50 mM potassium phosphate buffer, 1 mM EDTA, 0.2 mg/ml, 0.2 mM reduced nicotinamide adenine dinucleotide phosphate (NADPH) and protein sample (50-100 μg). The reaction was initiated by the addition of 2.5 mM DTNB and measured at 412 nm. Parallel assays were performed with 0.5 mM of the specific thioredoxin reductase inhibitor dichloronitrobenzene (DCNB) to determine non-proteasomal AMC release. Although, the non-specific activity was negligible, this activity was subtracted from the rate measured in the absence of the inhibitor.
Glutaredoxin activity assay
Grx activity was assayed essentially as described in Kumar and Holmgren (1999) . The reaction buffer contained 0.1 M Tris-HCl, 2 mM EDTA, 100 μg/ml BSA, 0.4 mM NADPH, 1 U/ml glutathione reductase, 10 mM GSH and 50 μg of protein. A background change in absorbance was monitored prior to the addition of 2-hydroxydisulfide, which initiated the reaction.
Statistical analyses
Raw data were natural logarithm (Ln)-transformed prior to correlation analyses. Residuals were calculated from simple linear regression of the dependent variable of interest on body mass to remove the correlation. e Statistically significant correlation of liver 20S proteasome activity with body mass (p<0.05). All values are natural log-transformed and each data point represents the mean from duplicate measurement from three to eight individuals of a given species confounding effect of body mass. Significance of the coefficient of correlation was used to determine if the line was different from horizontal, and significance was based on t values for one-tailed tests. A p value of 0.05 was considered significant. Felsenstein's phylogenetically independent contrasts (Felsenstein 1985) were calculated using PDAP. The phylogenetic tree (Fig. S1 ) was constructed from four phylogenies from which branch length estimates were taken (Stuart et al. 2002; Springer and Murphy 2007; Gorbunova et al. 2008; Hackett et al. 2008; Prasad et al. 2008) ; however, the analysis was repeated with all branch lengths set to one, as with a speciation model of character change (Price 1997) . Statistical analyses within the intraspecies context (Snell dwarf mice) used a two-tailed t test to compare normal mice and Snell dwarf mice. A p value of 0.05 was considered significant.
Results
Activity of the 20S proteasome was measured in liver, heart and brain tissues of 3-6 individual young adult specimens from each of the 13 mammalian and 2 avian species. The 20S proteasome activity data were natural logarithm (Ln)-transformed and plotted against Ln-transformed MLSP data for each species (Fig. 1a-c) . A correlational analysis revealed a significant inverse relationship between the two parameters in liver, but not in heart or brain. To test whether the negative correlation between 20S proteasome activity in liver and MLSP (Fig. 1a) was actually driven by body mass, we plotted the residuals of the body mass versus MLSP correlation against the residuals of the body mass versus 20S proteasome activity (Fig. 1d) . This analysis yielded no significant correlation, indicating the absence of a relationship between 20S proteasome activity and body mass. The direct correlation of liver 20S proteasome activity with body mass, which is significant (p<0.05), is shown in Fig. 1e (see also Table 3 ). Because basal metabolic rate is inversely correlated with body mass, we hypothesized that liver 20S proteasome activity may be influenced by mass-specific metabolic rate. This was addressed using mass-specific metabolic rate data from AnAge (de Magalhães et al. 2005) . Residual analysis using these data indicated no relationship between mass-specific metabolic rate and 20S proteasome activity (Table S1 ). The 20S proteasome plays a key role in the degradation of oxidatively damaged proteins that are not ubiquitin-tagged (Reinheckel et al. 1998; Davies 2001) . Conversely, ubiquitin-tagged proteins are degraded by the 26S proteasome (Jung et al. 2009 ). To estimate the capacity for degrading ubiquitintagged proteins, 26S proteasome activity was measured in liver and brain tissue samples, generating similar results to 20S proteasome activity. The activity of the 26S proteasome was negatively correlated (p< 0.05) with MLSP in liver tissue (Fig. 2a) , but we observed no correlation between 26S proteasome activity and MLSP in brain tissue (Fig. 2b) . Again, analysis of the residuals of liver 26S proteasome activity revealed no correlation with MLSP or massspecific metabolic rate, and the same results were found using Felsenstein's independent contrasts (FIC) analysis (Table 2) . Thus, liver 26S proteasome activity also correlates negatively with body mass (shown in Fig. 2c, Table 3 ).
In vivo activity of the 26S proteasome will be affected by the concentration of its substrates (i.e. ubiquitylated proteins). Steady-state levels of protein ubiquitylation were measured in liver and brain tissues using quantitative immunodetection. Surprisingly, the amino acid sequence of ubiquitin is 100% conserved amongst eight species for which we could obtain complete sequence data (Fig. 3a) . This allowed the quantitative cross-species western quantification of ubiquitylated protein levels ( Fig. 3b shows a representative blot). The total ubiquitin signal (bound and free) per lane was quantified and plotted against MLSP for these species (Fig. 3c, d ). The analysis revealed no correlation between ubiquitylated protein levels and MLSP or body mass (data not shown) in either liver or brain tissue. The results were unaffected when the signal from free ubiquitin (8.5 kDa) was excluded from the analysis (data not shown).
TrxR activity appeared to be negatively correlated with MLSP in all three tissues; however, this reached statistical significance only in liver (Fig. 4a-c) . Again, the liver relationship was driven by the negative correlation of TrxR with body mass (Fig. 4d, Table 2 ). Interestingly, while brain TrxR activity did not correlate significantly with MLSP (Fig. 4e) or with mass-specific metabolic rate (Table S1 ), the correlation of brain TrxR activity with body mass was significant (Fig. 4f, Table 3 ).
Grx activity was not correlated with either MLSP (Fig. 5a, b ) or body mass (not shown) for either liver or heart. However, brain Grx activity was significantly negatively correlated with MLSP (Fig. 5c) . In this instance, the correlation remained following residual analysis (Table 2) , though was lost following FIC analysis (Table 2) . Correlations between Grx activity and either species' body mass (Table 3) or massspecific metabolic rate (Table S1 ) were also not statistically significant. We measured the same protein repair and degradation activities in Snell normal and dwarf mice, an intra-specific model of increased longevity. There were no significant differences between normal and dwarf mice in 20S or 26S proteasome activities, TrxR or Grx in heart tissue. However, brain 20S proteasome activity was significantly lower in Snell dwarf compared to normal mice (Fig. 6) . The same trend was observed for brain 26S proteasome activity, though this did not reach statistical significance. Protein ubiquitination levels did not differ between dwarf and normal heart or brain tissues. However, both TrxR and Grx activities were also lower in the brain of Snell dwarf compared to normal mice (Fig. 6 ).
Discussion
The aim of this study was to test the hypothesis that longer-lived species or mouse strains have greater protein repair and/or recycling capacity. The hypothesis stems from the disposable soma theory of aging, which suggests that increases in energy invested in cellular maintenance will translate into increases in lifespan. This theory is supported by observations, in a wide variety of experimental models, of enhanced cellular stress resistance concomitant with greater longevity (reviewed in Robb et al. 2009 ). The 20S/ 26S proteasome appears to be a good candidate for positive selection by species evolving increased lifespan. It is required for the efficient removal of damaged proteins following oxidative stress (Divald and Powell 2006) and is stress-inducible . In C. elegans, fully functional 26S proteasome activity is required for normal stress resistance and lifespan (Ghazi et al. 2007 ). Its inhibition induces mitochondrial dysfunction, ROS overproduction and oxidative stress (Torres and Perez 2008) . It is therefore interesting that we found no evidence for positive selection of either 20S or 26S proteasome activity during the evolution of longevity in vertebrate endotherms. Indeed, in this study, longer-lived species generally possessed lower 20S/26S proteasome activities in liver, though this trend was driven by the negative correlation of proteasome activity with adult body mass. It was surprising that another negative correlate of body mass, mass-specific metabolic rate, was found also not to explain this negative correlation. While we do not have an explanation for the correlation between body mass and proteasome activity, we can in any case reject our hypothesis that the latter is related to MLSP.
A similar result from our intra-specific model of increased longevity, i.e. the Snell dwarf mouse, further strengthens our conclusion that the longevity of vertebrate endotherms is not associated with enhanced proteasome activity. This conclusion is consistent with two recent reports of proteasome activity in the context of mammalian species lifespan. Salmon et al. (2009) also reported significantly lower 20S proteasome activity in livers of two long-lived bat species, Tadarida brasiliensis and Myotis velifer, compared to mice. Interestingly, we did not find that liver 20S and 26S proteasome activities in our bat Table 3 Statistical analysis of enzyme activities as correlates of body mass species, Eptesicus fuscus, were lower than those in mice. Indeed, bat liver 20S/26S proteasome activities were in the mid-range of all species values, whereas heart and brain proteasome activities were actually in the high end of the species range. There are numerous possible reasons for the differences between the present study and Salmon et al. (2009) , including the use of different bat species. However, these contrasting results highlight the importance of using as many species as possible in such studies to avoid biasing conclusions. One factor that will affect 26S proteasome activity in vivo is the concentration of its substrates, i.e. ubiquitinylated proteins. We measured the relative levels of protein ubiquitylation in liver and brain tissue from seven/eight species for which we were able to verify 100% conservation of the ubiquitin amino acid sequence. It is imperative to restrict this analysis to ubiquitin sequences for which 100% conservation can be verified as any between-species differences in sequence may affect the antigenantibody interaction and thus render the quantification inaccurate. The absence of a correlation between ubiquitylation levels and MLSP, combined with the 26S proteasome results, indicate that the overall rate of protein degradation via the ubiquitylation route in vivo is unlikely to be elevated in the longer-lived species. This suggests that degradative protein recycling via the proteasome does not contribute to any differences in protein homeostasis that may exist either between species or in long-lived Snell dwarf mice.
Protein homeostasis in stressed cells may also be compromised by oxidation of redox-sensitive thiols, such as cysteine. Reversal of this oxidative damage is catalyzed by a number of enzymes using NADPH and liver (p<0.05), and f brain tissue, but not in e heart tissue. All values are natural log-transformed and each data point represents the mean from duplicate measurement from three to eight individuals of a given species glutathione to supply reducing equivalents. Here we tested, and reject, the hypothesis that longevity would be associated with greater activities of two such enzymes, TrxR and Grx, thus providing a greater ability to rapidly respond to oxidative damage to vulnerable cysteines. TrxR and Grx were either not correlated or negatively correlated with MLSP (depending upon tissue). In the latter instance, the relationship was found to be driven either by body mass (TrxR) or perhaps directly by MLSP (Grx). Combined with marginally lower TrxR and Grx activities in brain tissue from Snell dwarf, relative to normal mice, it would appear that maintenance of constitutively high protein repair activities does not contribute to longevity. These results are similar to those reported by Perez et al. (2009a) , showing that neither glutaredoxin nor methionine sulfoxide reductase A protein levels are higher in naked mole rat liver compared to mouse (though this conclusion is limited by potential between-species differences in amino acid sequences, which were not known, in this study). Thus, longevity is not associated with enhanced protein repair activities in the major oxidative tissues.
Our results indicate that protein repair and degradative recycling activities are not elevated in longerlived animals. Nonetheless, longevity is broadly associated with enhanced cellular stress resistance, including resistance to oxidative stressors (e.g. Kapahi et al. 1999; Ogburn et al. 2001; Robb et al. 2009; Miller et al. 2010) . Perhaps protein homeostasis is maintained by preventing the occurrence of damage, and research should focus on these mechanisms. However, some possible mechanisms of achieving this can also be eliminated. There is little evidence for greater antioxidant enzyme capacity in longer-lived species (reviewed in Perez et al. 2009b ; also see Page et al. 2010a) . Protein oxidative damage could also be prevented in longer-lived species by the systematic evolutionary replacement of cysteine residues with amino acids less susceptible to oxidative modification (as Moosmann and Behl (2008) demonstrated for mitochondrial DNA-encoded proteins); however, there is no evidence that this has occurred in nuclear DNA-encoded proteins that function either in the mitochondria or cytosol (Moosmann and Behl 2008) . Similarly, proteins of naked mole rats actually have higher cysteine content than shorter-lived mice (Perez et al. 2009a ). On the other hand, proteins in crude liver homogenates of some long-lived species, such as bats or naked mole rats, have been shown to resist urea-induced denaturation, which suggests some inherent stabilizing property (Perez et al. 2009a; Salmon et al. 2009 ). Perez et al. (2009a) report that this is not attributable to differences in heat shock protein-70 levels. While this between-species immunodetection approach requires validation for conservation of amino acid sequence, it is nonetheless in agreement with the observation that HSP70 levels are also lower in stress-resistant fibroblasts of long-lived Snell dwarf mice compared to those from normal littermates (Maynard and Miller 2006) . A further study examining several different heat shock protein mitochondrial RNAs (mRNAs) in Snell dwarf mice found no coordinated elevation of heat shock proteins (HSPs) in Snell dwarf tissues or fibroblasts (Swindell et al. 2009 ). These latter mRNA data may not reflect protein levels, as changes in gene transcript levels often do not parallel changes in corresponding protein levels, even for transcriptionally regulated proteins (see for example Ideker et al. 2001; Le Naour et al. 2001) . Investigation into HSP protein levels in this context is therefore probably still warranted. In addition, the possibility that specific post-translational protein modifications impart stability should be explored. An important caveat to our study is that we measured total activities of proteins of interest in whole tissue homogenates, which precluded us from identifying between-species or between-strain differences that might be present within a specific cellular compartment. For example, aspects of mitochondrial function have been strongly implicated in aging and longevity (Barja and Herrero 2000; Boffoli et al. 1994; Navarro and Boveris 2007) . All of the protein activities measured in this study have mitochondrial counterparts. Specific thioredoxin, TrxR and Grx isoforms localize to mitochondria in mammalian, and presumably avian, cells (see Page et al. 2010b) . Similarly, mitochondria contain a Lon protease with similar stress-inducible protein degradation functions to the 20S/26S proteasome (Ngo and Davies 2009 ). These specific mitochondrial activities may be upregulated concomitantly with increased longevity, a possibility that should be explored in future studies.
In conclusion, we show that neither protein repair nor proteasomal degradation is positively correlated with longevity in either a multi-species or an intraspecies comparison. These results support the idea that enhanced cellular stress resistance associated with longevity does not arise from increased ability to repair or remove stress-induced protein damage.
